Although development of head and neck squamous cell carcinomas (HNSCCs) is commonly linked to the consumption of tobacco and alcohol, a link between human papillomavirus (HPV) infection and a subgroup of head and neck cancers has been established. These HPV-positive tumors represent a distinct biological entity with overexpression of viral oncoproteins E6 and E7. It has been shown in several clinical studies that HPV-positive HNSCCs have a more favorable outcome and greater response to radiotherapy. The reason for improved prognosis of HPV-related HNSCC remains speculative, but it could be owned to multiple factors. One hypothesis is that HPV-positive cells are intrinsically more sensitive to standard therapies and thus respond better to treatment. Another possibility is that HPV-positive tumors uniquely express viral proteins that induce an immune response during therapy that helps clear tumors and prevents recurrence. Here, we will review current evidence for the biological basis of increased radiosensitivity in HPV-positive HNSCC.
Introduction
Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer worldwide with an annual incidence of approximately 400.000 cases. Although tobacco and alcohol consumption are the main risk factors for development of HNSCC, a causal link between Human papillomavirus (HPV) infection and a subgroup of head and neck cancers has been established, mostly in the oropharynx [1] [2] [3] [4] . Incidence of HPV-positive oropharyngeal carcinomas (OPC) varies worldwide from approximately 25% to 80% and incidence is predicted to increase in the following years [5] . Among approximately 15 high-risk oncogenic HPV types that have been identified in the past years, HPV-16 is the most common type found in 87 to 90% of HPV-positive oropharyngeal cancers [6, 7] .
Recent studies indicate that the expression of HPVassociated p16 (hereafter referred to as HPV/p16-positivity) in HNSCC is correlated with a better prognosis and improved response to conventional radiotherapy [8] [9] [10] [11] [12] . While HPV/p16 positivity seems to be associated with lower exposure to tobacco and alcohol and with younger age at the time of diagnosis, evidence is accumulating that HPV/p16-positive HNSCCs represent a separate clinical subgroup and that biological differences between these subtypes might have an impact on prognosis [13] . Here, we will review current evidence for the biological basis of increased radiosensitivity in HPV/p16-positive HNSCC.
The Role of HPV Oncoproteins E6 and E7 in Carcinogenesis
Human papillomaviruses comprise a large group that has been subdivided in low-risk and high-risk viruses, the last ones being associated with cancer [14] . HPVs are a circular, double-stranded DNA virus with a viral genome of approximately 8000 base pairs size that encodes two regulatory proteins (E1 and E2), three oncoproteins (E5, E6, E7), and two structural capsid proteins (L1 and L2) [15] . HPV-16 is most commonly found in OPC [6, 7] . Malignant transformation and maintenance of phenotype in head and neck cancer has been attributed mainly to E6 and E7 oncoproteins as described in cervical carcinoma [16, 17] . Experimental data shows that silencing the expression of E6 and E7 oncogenes in HPV16-positive human oropharyngeal squamous cell lines resulted in activation of the p53 and Rb tumor suppressor pathways and induction of apoptosis indicating that the two oncoproteins are needed for maintaining malignant phenotype and proliferation [18] . E6 is coded at the 5 early viral genome and is well conserved among viruses. E6 viral transcript can be spliced leading to two spliced versions of E6, namely, E6 * I and E6 * II mRNA. Unspliced E6 transcript gives rise to a 19 kDa protein that forms a complex with a ubiquitin protein ligase (E6AP) that will lead to ubiquitination of p53 tumor suppressor protein and its subsequent degradation [19, 20] . The functions of p53 include regulation of cell cycle by controlling the G1 transition to the S phase at checkpoint by inducing expression of cyclin inhibitors p16, p21, and p27 [21] . Therefore, E6 oncoprotein deregulates both G1/S and G2/M cell cycle checkpoints upon DNA damage and other cellular stress leading to genomic instability. Spliced E6 * I and E6 * II give rise to nearly identical 6 kDa proteins. Full length E6 and E6 * I can both cooperate with E7 and ras to transform cells in vitro [22] . E6 oncoprotein has also the ability to activate cellular telomerase through the transcriptional upregulation of the rate-limiting catalytic subunit of human telomerase hTERT [23] . Maintenance of telomere length has been recognized as an important step in cellular immortalization and transformation [24] .
High-risk HPV E7 oncoproteins have the ability to initiate DNA synthesis in differentiated epithelial cells mainly by binding and inactivating the Rb apoptosis/tumor suppressor gene and its associated pocket proteins p107 and p130 [25] . Inactivation of Rb family of proteins by E7 results in overexpression of E2F transcription factor with upregulation of cell cycle genes resulting in the transition of cell from G1 to S phase and an increase in cell proliferation [26] . Inactivation of pRb results in increased levels of p16/CDKN2A, an inhibitor of cdk4/cyclin D and cdk6/cyclin D due to feedback loop control mechanisms [27] . Therefore, high level of p16/CDKN2A expression serves as a specific diagnostic biomarker for tumor infected with high-risk HPV [28] . E7 oncoproteins are also able to associate with either histone acetyl transferases (HATs) or histone deacetylases (HDACs) thereby influencing histone acetylation in regulatory regions for gene transcription [29] . Furthermore, several studies indicate that E6 and E7 have multiple binding partners that exert oncogenic effects beyond degradation of p53 and pRb and have complementary effects.
HPV/p16-Positive Tumors and Increased Radiosensitivity: Intrinsic Pathway
Many clinical studies have shown that patients with HPV/p16-positive tumors exhibit a far better prognosis compared to HPV/p16-negative ones when treated by primary radiochemotherapy (RCT) or RCT after surgery [30] . Despite these large clinical data confirming that HPV/p16 positivity is a prognostic marker, to date only few clinical trials are designed to use HPV/p16 positivity as a predictive marker with settings that involve treatment deescalation (e.g., RTOG 1016, DeESCALaTE HPV, and ECOG 1308). One reason might be that biological evidence is still needed for a better understanding of potential benefits of treatment deescalation. Radiosensitivity is mainly due to ability of the cell to sense DNA damage and to control its repair, though tumor microenvironment (e.g., the oxygenation status) is also determinant for response to radiotherapy [31] . The most deleterious radiation-induced damages are double strand breaks (DSBs) and among early signals of cellular response to DSB there is phosphorylation of protein histone H2AX [32] . Unrepaired DSBs might lead to mitotic catastrophe or apoptosis, which are mechanisms partially controlled by p53 [33] . To date, there are very few experimental evidences of increased radiosensitivity in HPV/p16-positive HNSCC. In a recent paper, Rieckman and colleagues studied radiation response of 5 HPV/p16-positive HNSCC cell lines versus 5 HPV/p16-negative ones and demonstrated, on average, decreased survival fraction of HPV/p16-positive cells after irradiation. They also described increased levels of DSB and extensive G2 arrest indicating compromised DNA repair capacity in HPV/p16-positive cell lines [34] . Similar results were obtained by Kimple et al. where in addition they used a genome-wide microarray to compare gene expression between HPV/p16-positive cell lines and HPV/p16-negative cell lines, 24 h following irradiation. Results indicated multiple genes in TP53 pathway upregulated in HPV/p16-positive cells. In this same study, increased levels of apoptosis in HPV/p16-positive cell lines after irradiation could be abrogated by knockdown of TP53 through siRNA. The authors conclude that low levels of functioning p53 in HPV/p16-positive cells could be activated by radiotherapy, leading to cell death and providing evidence for enhanced radiosensitivity in HPV/p16-positive cells [35] . However, the role of enhanced apoptosis in radiosensitivity is still subject to controversy. Indeed, it has been reported that large variations in apoptosis do not lead to any changes in eventual cell killing [36] [37] [38] or that the status of p53 does not affect sensitivity to DNA-damaging agents [39] . One of the explanations for these discrepancies relies on the fact that cells do not die immediately after radiotherapy and this is highly dependent upon the cell type being investigated [40] .
Despite the two previously cited papers demonstrating increased radiosensitivity of HPV/p16-positive cells [34, 35] , there is no clear evidence for the implication of viral oncoproteins in radioresponse, and data published so far are inconclusive or even sometimes conflicting. For example, investigation of cell cycle and surviving fraction after low dose rate irradiation (0,025 Gy/h) in p53 wt human colon carcinoma cells engineered to express E6 and E7 showed increased levels of p53 and p21 and enhanced cell cycle arrest at G1 and G2 but no difference in clonogenic survival [41] . A study on cervix carcinoma cell lines showed no intrinsic radiosensitivity when E6 and E7 were knocked down [42] . Another publication reports that the HPVnegative C33 cervix carcinoma cell line shifts to a more radioresistant phenotype when HPV16 E6 is overexpressed [43] . The discrepancy among these results might be explained in part by differences in the type of cells studied and their BioMed Research International 3 different genetic background. In a more recent publication, stable expression of specific splicing-derived E6 * I, E6 * II, or E6 in oropharyngeal SCC showed radiosensitivity for cells expressing E6 * I and total E6 supporting a link with p53 pathway [44] .
Finally, there are few studies indicating that HPV oncoproteins might compromise DNA damage repair mechanisms, a strategy used by viruses to facilitate viral genome integration in the host. In HPV type 1, 8 but also 16, E6 oncoprotein has been shown to bind to XRCC1, a protein required for the repair of DNA single strand breaks and genetic stability [45] . In addition, E6 has also been shown to impair the fidelity of DNA end-joining [46] . In summary, although increased radiosensitivity of HPV/p16-positive HNSCC has been partially confirmed experimentally, further studies are still needed to identify molecular actors implicated in radioresponse of HPV/p16-positive HNSCC.
HPV/p-16-Positive Tumors and Increased Radiosensitivity: Tumor Microenvironment
As mentioned before, although radiosensitivity is mainly due to ability of the cell to sense DNA damage and to control its repair, oxygenation status of the tumor might also be determinant for response to radiotherapy [47] . In this context, retrospective analysis of DAHANCA-5 trial showed that HPV/p16-positive tumors have a superior outcome after fractionated radiotherapy compared to patients with HPV/p16-negative tumors. Patients in this study also received the hypoxic cell radiosensitizer nimorazole and the use of this drug during radiotherapy improved locoregional tumor control only in the HPV/p16-negative group. Surprisingly, HPV/p16-positive tumors seemed to be insensitive to the hypoxic modification and showed no benefit from treatment with nimorazole. The authors suggested that HPV/p16-positive HNSCCs are less hypoxic than negative ones and that this apparent lack of radiobiological relevant hypoxia in HPV/p16-positive tumors could contribute to the superior prognosis observed [48] . However, no significant association between HPV status in HNSCC and tumor hypoxia was detected by either pO2 measurements or immunohistochemical (IHC) staining for CAIX [49] . A study using hypoxia-gene expression profile demonstrated the same frequencies of hypoxia between HPV/p16-positive and -negative HNSCC tumors [50] and hypoxic status assessed by FAZA PET scans resulted also in no difference between HPV/p16-positive and -negative HNSCC patients [51] . In addition, recent in vitro data comparing radioresponse of HPV/p16-positive and -negative cell lines under hypoxia indicated no difference in terms of regulated gene patterns by hypoxia, whereas HPV/p16-positive cells displayed resistance under hypoxia with an oxygen enhancement ratio (OER) similar to HPV/p16-negative ones [52] . Therefore, it seems unlikely that improved prognosis of HPV/p16-positive HNSCC relies on differences in hypoxic fraction.
Another possibility is the implication of other tumor microenvironmental factors like components of the immune system. It is indeed suggested that HPV-positive tumors carry viral antigens that elicit T-cell responses that might participate in a tumor rejection process and carry out a long-term immunosurveillance. Along this line, most but not all HPV/p16-positive HNSCCs display a strong tumor infiltration by T cells [49] . However, there are very few reports on HPV16-specific T-cell immunity in HNSCC patients. They describe elevated levels of circulating HPV16 E7-specific CD8+ T cells [53] and HPV16-specific IFN -producing T cells in cultures of PBMC from patients with HPV16+HNSCC [54] . In addition, circulating anti-HPV16 antibodies have been detected in HNSCC patients with high viral load and the anti-HPV antibody status was suggested to correlate with clinical outcome [7, 55] .
However, if T-cell immunity detects HPV-positive HNSCC, it probably occurs early during tumor development meaning that clinically detectable tumors have probably been immunoselected, a process identified decades ago [56, 57] and recently renamed "cancer immunoediting" [58] . Immune-mediated tumor rejection requires the activation of antitumor T cells, their differentiation into cytolytic T cells (CTL) that can reach the tumor site(s), recognition of their target antigens, and activation of effector functions. These processes have been studied in detail in HPV-induced cervical cancers, and many groups have contributed to the conclusion that several different strategies of immune evasion are used by HPV-induced (pre-)malignancies [59] . Indeed, it has been described that in addition to intracellular immune evasion mechanisms, HPVs are able to modulate host immune response through polarization of T cell subtypes, inhibition of the CTL response, and modulation of antigen presenting cells (APC) trafficking [59] . As a result, it has been shown that CD4+ and CD8+ type 1 cytokine producing T cells, reactive to E6-and E7-encoded antigens, have a positive impact on disease outcome but are weak or even undetectable in patients with progressive disease [60] .
Most ongoing research is dedicated to new approaches for enhancing antitumor immune response either by increasing T-cell responses directly or by reducing various immunosuppressive mechanisms at work in the tumor microenvironment. However very little is known on the immunogenic potential of radiotherapy [61] . Irradiation-dependent tumor cell apoptosis is a potential source of tumor antigens, but whether or not it provides the appropriate inflammatory signals leading to immunogenicity of these antigens remains controversial [62] . It has been shown in vitro that radiotherapy induces calreticulin membrane exposure in some cancer cell lines [63] . The combination of cisplatin and radiation, commonly used to treat cervical cancer, induces calreticulin exposure, HMBG1 and ATP release, and three signals that accompany the process of "immunogenic cell death. " Interestingly, calreticulin exposure has been described as an ancestral stress response that is able to be subverted by viruses, including HPVs [64, 65] .
It is then possible that radio-/chemotherapy primes the immune system to target HPV positive cancer cells. In mouse models of HPV-induced cancers, cisplatin followed by vaccination resulted in stronger HPV-specific T-cell responses, increased T-cell infiltration of the tumor [66] , and increased sensitivity to CTL killing, probably through a cisplatin-induced upregulation of MHC class I in the tumor cells [67] . Remarkably, similar results were obtained with vaccination and radiation instead of chemotherapy [68, 69] . Indeed, in an in vivo mouse model HPV-positive tumors were more sensitive to radiation and exhibited complete clearance at 20 Gy, compared to HPV-negative counterparts, which showed persistent growth. However, radiation therapy in immune-incompetent mice was enabled to cure tumors. Adoptive transfer of wild-type immune cells into immuneincompetent mice restored HPV-positive tumor clearance with cisplatin therapy [69] . In addition, the same team has recently shown that radiation induces loss of cell surface CD47 in HPV-positive tumors [70] . CD47 is a transmembrane protein and a marker of self and its binding to antigenpresenting cells enforces tolerance [71] .
Conclusion
Although there is a growing amount of data supporting the hypothesis that HPV-related tumors have a better survival due to a higher sensitivity to chemo-/radiation therapy, it is difficult to conclude that the improved clinical outcome of HPV-related HNSCC is only attributable to the intrinsic radiosensitivity of the HPV-infected cells. More likely is a complex interaction among intrinsic mechanisms of radioresponse and the tumor microenvironment including cells of the immune system.
In conclusion, HPV+ HNSCC is a distinct clinical entity with a favorable prognosis. These tumors respond better to radiotherapy even though there is little evidence for increased radiosensitivity. In other models radiotherapy cooperates with antitumor immunity, providing a rationale to investigate immune responses in HPV+ tumors after radiotherapy.
